was refined at 1.8 A resolution by a combination of difference Fourier, real space and reciprocal space methods. After refining to an R of 0.194, we explored the conformation of the FMN binding site by real space refinement verau6 maps with Fourier coefficients of the form (2) F,I -1 P,I ) exp (in,). To minimize bias in the fitting, groups of atoms were systematically omitted from the structure factors used in computat.ion of the (212",1 -IF,\) maps. One-electron reduction of oxidized flavodoxin is accompanied by several changes at the FMN binding site: the conformation of residues in the reverse bend formed by Met56-Gly57-Asp58-Glu59 differs in the crystal structures of the oxidized and semiquinone species; further, backbone atoms in residues 55 and 89 shift by more than 0.5 A and the indole ring of Trp90 undergoes a significant displacement. The orientation of the peptide unit connecting Gly57 and Asp58 is consistent with the presence of a hydrogen bond between the carbonyl oxygen of Gly57 and the flavin N(5) in flavodoxin semiquinone.
No equivalent bond is found in oxidized flavodoxin.
In both the oxidized and semiquinone species of clostridial flavodoxin, the isoalloxazine ring is essentially planar : the bending angles about N(5)-N( 10) are -2.5" for the semiquinone structure and ~0' in oxidized flavodoxin.
The intensity changes resulting from t,he oxidized-,semiquinone conversion (K, m= 0.33) arise in part from changes in molecular packing. Intermolecular contacts, including neighbors of the prosthetic group, are altered in the repacking. Maps or models of the two oxidation states can be brought into approximate coincidence by a rigid body motion. The required transformation, determined for the isomorpllous replacement maps by the method of Cox (1967) , is equivalent to a screw motion with a rotation 
Introduction
Flavodoxins are a group of flavoprotein electron carriers which can substitute for ferredoxins in many ferredoxin-dependent reactions (Smillie, 1965; Knight BE Hardy, 1966; Mayhew t Ludwig, 1975) . The two one-electron oxidation-reduction potentials of bound flavin mononucleotide are sufficiently different in the flavodoxins to permit characterization of each of the three oxidation states (Mayhew, 1971a; van Lin & Bothe, 1972) . Crystal structures have been determined for flavodoxins from two species, Desulfovibrio vulgaris (Watenpaugh et al., 1972 (Watenpaugh et al., ,1973a and Clostridiuw~ MP (Andersen et al., 1972) . The oxidized states have been most thoroughly described (Watenpaughet al., 1972 (Watenpaughet al., ,1973a ; the structureof the semiquinone, or radical, form of Clostridium MP flavodoxin has been reported at 3.25 A resolution (Andersen et al., 1972) and some further descriptions of the semiquinone and reduced states have appeared in brief preliminary accounts Ludwig et al.. 1976; Watenpaugh et al., 1976) .
Flavodoxin electron carriers characteristically display oxidation-reduction potentials near those of the ferredoxins, about -0.4 V, for the semiquinone/fully reduced equilibrium (van Lin & Bothe, 1972; . The potentials are unusually low for flavins and may be crucial for the functional interchangeability of ferredoxins and flavodoxins . In many flavodoxins, the other redox potential, for the oxidized/semiquinone couple, also deviates considerably from the value of -0.24 V (pH 7) determined for free FMN (Draper & Tngraham, 1968) . Perturbation of the PMN potential requires that the K,, for association of the apoprotein with FMN vary with oxidation state of the prosthetic group. From the potentials of -0,092 V and 0.399 V (pH 7) measured by Mayhew (1971a,b) for flavodoxin from Clostridium MP, K,,/K,, must equal N 10m2 and Ksq/Kred must be -104. We anticipated that these variations in the free energy of binding might be correlated with distinctive features of the three-dimensional structures of the several oxidation states.
Elucidation of the differences between crystal structures of the oxidized and semiquinone (radical) forms of clostridial flavodoxin has been complicated by nonisomorphism.
Although both oxidation states crystallize in the same space group, P3121, the c axis increases from 70.36 A in the oxidized state to 70.98 A in the semiquinone form Andersen et al., 1972) , and the discrepancy index for intensities, defined as R = (CL -L,lN~Kx + Is,)), is 0.33 for all observable reflections to 2-O A resolution. We therefore elected to phase each structure independently. Fortunately the same binding sites for SmIII and Au1 were accessible in both crystals. This paper describes extension of the resolution of the semiquinone structure from 3.25 A to 2.0 A with the use of multiple isomorphous replacement phases. Including data to 1.8 A, we have refined the structure by difference Fourier (Watenpaugh et al., 1973b; Freer et al., 1975) , real space (Diamond, 1971; Huber et al., 1974) , and reciprocal space (Hoard & Nordman, unpublished data) methods to arrive at more accurate conformations for FMN and the residues in the flavin binding site. The active center of flavodoxin semiquinone is examined in detail and compared with the FMN binding site of oxidized flavodoxin. et al., 1971) . By electron paramagnetic resonance measurements, the content of flavin radical has been shown to be greater than 95% in crystals prepared as described (Andersen, 1972) , and visible spectra of crystals indicate that, the semiquinone form predominates after cautious addition of dithionite (Eaton et aZ., 1975) . Heavy-atom derivatives were also prepared in the nitrogen-filled glove box, by soaking crystals in 0.020 M-&d& or dialyzing ver8u.s 0.020 M-Au(CN);. using the same condit,ions as for oxidized flavodoxin .
(b) X-ray measuremen,ts X-ray intensit,ies were measured with a Syntax Pl diffractometer equipped with a graphite monochromator, using the procedures of . Peak scans of 0.14" were divided into steps of 0.02" in w and intensities determined according to Wyckoff et aZ. (1967) ; backgrounds were measured for each reflection at resolutions less than 3 .& and were taken from a smoothed curve as a function of 29 beyond 3 A. Absorption corrections were determined empirically (North et al., 1968) . Reflections whose intensities were very small for native crystals were not measured for the derivatives, reducing the number of unique reflections to 2.0 A from approx. 11040 to 8275. The omitted reflections contributed about 6% of the total structure factor amplitudes. The number of reflections which could be measured using one crystal was limited more by oxidation than by radiation damage. The extent of oxidation was estimated from both the change in the c axis, which decreases from 70.98 A in the semiquinone to 70.36 A in oxidized crystals, and from the intensities of a set of check reflections known to be sensitive to oxidation state. Data collection was terminated when the changes indicated 1596 oxidation.
Five crystals comprise the native data set to 2.0 a; scaling of intensities from these crystals (Rae, 1965) resulted in values of RI = (~J1,-l,l)/(~(li+l,) from 0.0324 to 0.0651. 1142 overlapping measurements at resolutions less than 2.0 J% were used to place data from 2.0 to 1.8 .t% on the same relative scale as the 2.0 A set ; RI was O-0683. For the 3 samarium crystals, R, was 0.0734 to 0.0845, and for the 2 gold crystals, R, = 0.0653.
(c) Isomorphous replacement phasing
Heavy-atom refinement and phase determination followed standard procedures (Lipscomb et al., 1966; Muirhead et al., 1967; Dickerson et al., 1968) . Anomalous scattering differences from both gold and samarium derivatives were incorporated in the computation of phase probability profiles (North, 1965; Wyckoff et al., 1970) . AF" was calculated after scaling the data so that XI,,,, was equal t,o 21~.
As in the study of oxidized flavodoxin , heavy atoms were initially refined using centric reflections and unit weights.
Possible minor sites detected in residual maps were tested by refinement of the occupancy. Parameters from the centric refinement provided starting values for 11 cycles of alternate phasing and heavy-atom refinement with 3-dimensional data (8234 reflections with IFI g rester than 40 (scale of Table 2) ). The mean change in phase angle in the last cycle was 1.03". Table 2 lists the parameters used in the final cycle of phasing, and Fig. 1 1. Results of heavy-atom refinement and isomorphous replacement phase determination. The figure of merit and the values of R, (Kraut et nl., 1964) are plotted as a function of sin 0/h.
Estimates of heavy-atom occupancies, using centric data from individual derivative crystals, had suggested that the 3 samarium crystals be assigned the same heavy-atom parameters.
.The scaled data were therefore treated as 1 derivative. A similar procedure was followed for the gold crystals. However, the increased RK (Fig. 1) in the region where data from the 2 gold crystals overlap may indicate some small differences in the heavyatom parameters for these individual data sets.
(d) Refinement Refinement of the model structure of flavodoxin semiquinone is considered in detail elsewhere and is only summarized here (Table 1) . Quotations of R factors refer only to those reflections for which I > 20 (Watenpaugh et al., 19733) . Ignoring the smallest reflections includes 11,141 of the total 14,862 reflections between 15 A and 1.8 8, and 1463 of the total 3948 between 2.0 and 1.8 A. Real space refinement (Diamond, 1971) of the model of oxidized flavodoxin ver.sus the semiquinone electron density (phased by isomorphous replacement) was followed by 4 cycles of difference Fourier refinement. Co-ordinate shifts were computed with gradients obtained by interpolation of the difference density (Freer et al., 1975 Levitt (1974) were found preferable to Diamond's (1966) Fig. 7 were determined from a partially refined co-ordinate set. for oxidized flavodoxin (Darling, 1975) . The accuracy of the atomic positions in the semiquinone model has been estimated in 2 ways. Assuming that the conformation of the polypeptide backbone ought to be identical in the oxidized and semiquinone structures, except for a few residues in the active center, we can obtain positional errors from the distances separating equivalent atoms in the 2 structures, which have been determined independently. After appropriate superposition of the models (Rao & Rossmann, 1973; Rossmann & Argos, 1975 Moews & Kretsinger (1975) , in which the scattering of disordered solvent is assumed to have a phaso opposite to that of the known portion of tho structure, was employed. and conceptually similar to the routine of Rossmann & Argos (1975) . Fourier programs were provided by G. N. Reeke, and Ten Eyck (1973) ; for the latter FFT the P3r21 symmetry was reduced to Pl. Map transformations employed the routine written by Cox (1967) , and the stereo drawings were prepared with ORTEP or a program written by B. Wishner.
Results (a) The isomorphous replacement map of jlavodoxin semiquinone and its interpretation
The binding sites for heavy atoms (Table 2 ) are in equivalent positions in oxidized and semiquinone forms. In neither structure is it possible for SmIII to be bound at all sites simultaneously . From Table 2 the distance between Sm sites are: 1 to 2, 1.22 A; 1 to 3, 2.45 A; and 2 to 3, l-65 8. However, the relative occupancies of these sites near Glu123 and Asp122 are different in the two structure determinations.
In particular, the distribution of Sm scattering in the two principal either/or sites (1 and 2) is almost equal in Table 2 , whereas in oxidized flavodoxin, site 2 has nearly double the occupancy of site 1. $ Temperature factor applied t,o derivstivc lF,ls t,o meke the decrease with sin e/x identical t,o that for nat,ive data.
The figure of merit decreases from O-964 for the shell between 20.0 and 16.0 a to 0.615 for the outermost range of resolution (2.1 to 2.0 A), with the overall <m> for data from 20.0 to 2.0 a being 0.725 ( Fig. 1) . A portion of the map computed with isomorphous replacement phases can be seen in Figure 2 .
From earlier comparisons of the structure of oxidized flavodoxin with the semiquinone structure at 3.25 A resolution, and from the nuclear magnetic resonance spectra (,James et al., 1973) , we knew the molecular conformations must be very similar in both oxidation states, despite the considerable changes in X-ray intensities. We therefore assumed that co-ordinates for the oxidized molecule could be employed to interpret the electron density of the semiquinone species. However, optical superposition (Richards, 1968 ) of the oxidized model on the semiquinone electron density disclosed discrepancies throughout the molecule. To position the model, we adopted two strategies : application of a rigid-body transformation to the semiquinone electron density. and real space refinement of the oxidized co-ordinates vers7L.s the semiquinone map.
The relative orientation of the isomorphous replacement maps of oxidized and semiquinone flavodoxins was established according to Cox (1967) of detecting possible conformational changes. Instead the transformed density was displayed in a Richards box (Richards, 1968) for visual comparison with the skeletal model of oxidized flavodoxin (Fig. 2) . Density corresponding to residues 57 and 58, in a reverse bend adjacent to the FMN ring, had different shapes in the semiquinone and oxidized maps (Fig. 5 ). Small changes in the position of the Trp90 ring were also suggested. After further inspection of the map, we concluded that 883 atoms of the oxidized model could be placed in the transformed semiquinone density with confidence. The rigid-body t,ransformation, see (I), above, reduced R for these 883 atoms from 0.445 to 0.403 (Table 7) .
Real space refinement, starting with the untransformed co-ordinates for oxidized flavodoxin, also produced a set of co-ordinates appropriate for the (untransformed) semiquinone structure, providing that the atom centers in the untransformed oxidized co-ordinate set resided in regions of sufficiently positive density in the semiquinone map. Revised co-ordinates were entered for atoms of the polypeptide backbone from C&6 through C,59. A cycle of real space refinement of the entire molecule was followed by a second cycle encompassing selected regions. Control parameters and other details of these calculations are given in Table 7 . After real space refinement, the R factor for the same 883 atoms identified by visual inspection was 0.397. Further refinement proceeded from the co-ordinates derived by real space fitting of the isomorphous replacement map (Experimental and Methods). A stereo representation of the structure of flavodoxin semiquinone appears in Figure 4 . As in oxidized flavodoxin ) the polypeptide chain folds to form a parallel sheet flanked on either side by a pair of helices. The hydrogen-bonding scheme for the entire molecule will be presented elsewhere. The active center of flavodoxin semiquinone and some differences between the oxidized and semiquinone structures are considered in the following sections. Table 3 ). The flavin phosphate interacts primarily with residues 7 to 12 and the isoalloxazine ring with residues 56 to 59 and 89 to 91. The conformation of FMN and of those sequences has received particular attention throughout the structure analysis. The functional importance of the oxidationstate-dependent differences in the active center, which we observed on comparison of the isomorphous replacement maps, persuaded us to undertake refinement of both oxidized and semiquinone flavodoxins.
Differences in the electron density of Met56-Gly57-Asp58-Glu59, detected in isomorphous replacement maps of the oxidized and semiquinone flavodoxins, are shown in Figure 5 . The shape of the density of Figure 5 (a) suggests that in the semiquinone molecule, the carbonyl group of Gly57 points toward N(5) of the flavin ring ("up") whereas in oxidized flavodoxin (Fig. 5(b) ) the carbonyl appears to point in the opposite direction ("down").
To test possible conformations of Gly57-Asp58, we conducted real space refinements with isomorphous replacement maps and different starting orientations? (Ludwig et wl., 1976; Darling, 1975) . The 057 up conformation appeared to be the best interpretation for the density of Figure 5 (a), but was unsatisfactory for oxidized flavodoxin.
In the following sections we consider the conformation of the FMN binding site of flavodoxin semiquinone, determined after refinement to an R value of 0.194. Differences in the density at residues 57 to 58 persist after refinement of both oxidized and semiquinone flavodoxins, and comparison of current models reveals other smaller conformational changes.
(ii) The protein conformation in the active center of jlavodoxin semiquinone
The current co-ordinates for residues 54 to 59 and 87 to 91, which contribute many of the FMN contacts, were determined
by real space refinement. Atoms of either residues 56 to 59 or 89 to 91 were omitted from sc to produce (Z/F,/ -1 F,I) densitiy unbiased by any previous models (see Fig. 6 (a)). Except for these deletions, the F, were computed with the parameters resulting from group least-squares refinement (R = 0.194, Table 1 ). Starting co-ordinates for real space refinement of protein atoms (Smith, 1977) had the bond lengths and angles specified by Diamond's (1966) Figure 6 (a); this map also verifies the orientation of the remaining atoms in residues 56 through 59. In analogous computations for the sequence 87 t*o 91, atoms of residues 89 to 91 were excluded from the structure factors, and the sequence 87 to 96 was refined versus the resulting (2/F,] -IFCI) map. Co-ordinates for the sequence 7 to 12 were obtained by energy minimization subsequent to group least.-squares refinement (Table 1) .
t It was anticipated that refinement would fail to invert the pept,ide unit (Diamond, 1974 ) and in fact, refinement oer8us the semiquinone density, begun with 067 down, produced only small shifts and resulted in an electron count of 0.06 for 067, which was centered well outside the density of Fig. 5(a) . According to the present parameters, 71 protein atoms make intramolecular contacts of 4.0 A or less with one or more FMN atoms and five solvents (Table 3) The geometry at 057 and the isoalloxazine N(5) favors a hydrogen bond involving the proton at N(5) ; the 0 to N distance is 2.80 L% and the O-H-N atoms are almost in line. Overlap with the sp2 electrons of 057 is less than would be the case if the peptide unit and the isoalloxazine ring were coplanar. At the same time, the formal positive charge on N(5) in the neutral semiquinone (Fig. 13 ) enhances the N(5)-057 interaction.
The close approach of 057 and O(4) must be associated with an unfavorable coulombic repulsion (see Discussion).
Our current co-ordinates suggest that a hydrogen bond between N59 and O(4) is more likely than formation of the 310 hydrogen bond between N59 and 056. Torsion angles for the backbone in the reverse bend at 56 to 59 are listed in Table 4 . REFINED AT 1.8 A 207
Cl!, Kim et al., 1969; Wane & Fritchie, 1973; Sundaralingam & Jensen, 1965; Watson & Kennard, 1973) . In the text, ribityl atoms are distinguished by primes.
For comparison, the angles predicted for ideal 3,, reverse bends (Venkatachalam, 1968; Chandrasekaran et al., 1973) Ot'her potential hydrogen-bonding partners of the isoalloxazine ring are the backbone amides of residues 89 through 91, and the side-chain of Glu59. Although the distance from N(3) to the carboxyl oxygen of Glu59 is 2.89 a and the H-N-O angle is 6', the large angle between the carboxylate and flavin planes will undoubtedly diminish t'he covalent component of the interaction between HN(3) and the Glu59 oxygen. Table 3 and Figure 8 suggest that NH90 fails to form any hydrogen bond to the flavin, whereas the amide of Gly91 seems to interact well with O(2). No clear choice for the NH89 acceptor can be distinguished from the data of Table 3 : a hydrogen bond may be formed with either N(1) or O(2).
ET AL.
Ribityl oxygens 02' and 04' hydrogen bond to protein atoms 055 and N(or 0) 11 6, respectively; the geometry for the OH87 to 04' interaction is also acceptable. Two solvents and the carbonyl oxygen of Ile24 from an adjoining molecule are the nearest neighbors of 03'. The three phosphate oxygens are involved in an intricate network of contacts with solvent and protein atoms; each oxygen has at least three potential hydrogen-bond donors (assuming the phosphate to be present as the dianion at pH 6%). Each succeeding backbone amide, from Gly8 to Thrl2, adjoins a phosphate oxygen, and the four side-chain hydroxyls of residues Ser7, Thr9, Thrl2 and Ser54 are all within 2.90 A of one or other phosphate oxygen. Of the possible hydrogen Table 3 and text). No intermolecular interactions are included in this Figure  ( see Fig. 12 ). Positions of the Ser7 and Gly8 labels should be interchanged. bonds, the "weakest" appear to be those to 0111; in particular, the H-N-O angle for GlylO NH to 0111 exceeds the maximum value of 30 to 35" associated with hydrogen bonding.
Some of the shortest non-bonded contacts between atoms incapable of hydrogen bonding are included in Table 3 . The list has been restricted to isoalloxazine atoms, and with the exception of the Met56 sulfur, to distances less than 3.4 8. The C52 of Trp90 is only 3.3 A from C(4a) and N(5). Because t'he indole and flavin rings are inclined to one another at an angle of 19", no other atoms of Trp90 and the flavin ring approach more closely than the customary distance for aromatic rings of 3.4 A. None of the remaining FMN-protein distances is shorter than the usual "allowed" values (Scheraga, 1968) .
(iii) The conformation of FMN after refinement
The results of fitting FMN to a (21 FO/ -) F,I) map by real space refinement are displayed in Figure 9 . Construction of the FMN model (Fig. 7) Contours are from a (21F, -]FlJ ma p with FMN atoms omitted from F,, which were calculated using parameters of Table 1 (R = 0.194). The minimum contour level is 0.40 e k3; contours at intervals of 0.40 e Ae3. The model represents co-ordinates determined by real space refinement. The isoalloxazine ring is bent by -2.5' about the N(IO)-N(6) direction. The bending, which is too small to be perceptible in this drawing, tends to bring the dimethylbenzene (left) end of the ring down toward the bottom of the Figure. The torsion angles and details of the refinement ere given in Tables 6 and 6.   FLAVODOXIN   SEMIQUINONE  REFINED  AT 1.8 li  311 isoalloxazines (Kierkegaard et al., 1971) , for the resolution attainable with a protein a simple model limits the variables in a realistic fashion. The conformation of free isoalloxazine semiquinones has not been determined crystallographically as a result of difficulties with disproportionation of model flavin radicals, but measured spectra predict an essentially planar ring for the semiquinone radical (Land & Swallow, 1969; Miiller et al., 1970; Eriksson & Ehrenberg, 1973) . ln contrast, in a series of fully reduced N(1) or N(5)-substituted model flavins, the bending about N(lO)-N(5) is pronounced, being of the order of 30" (Kierkegaard of nl.. 1971; Werner & Ronnquist, 1970; Norrestam & von Glehn, 1972) . 
t The torsion angle is defined by atoms C( lOa)-N( IO)---N(5)--C(E&), with zero angle for L-I /mm orientation.
Bending of the isoalloxazine ring has been calculated at several stages in the structure of flavodoxin semiquinone (Table 5 ). In all entries of Table 5 real space refinement was begun with a flat flavin ring, and the "stiffness parameter" for flavin torsion was the same as for backbone + and # angles (Diamond, 1971 ). Fitting to the 1.8 A Pl~ol -PC0 ma P was also determined starting from a model with a torsion angle of -7.4"; in this case the angle could be refined to -2.4" (Smith, 1977) . (A negative torsion angle corresponds to a movement away from the center of gravity of the protein.) The numerical results vary with the resolution and the quality of the phases. The "best" values, from maps with all 31 FMN atoms deleted from the phases, are -2.5" for ilavodoxin semiquinone and 0*2" for oxidized flavodoxin. None of the angles of Table 5 appreciably exceeds values reported for oxidized isoalloxazines, which are as large as 4.1" (Tonaka et al,, 1967 ). We do not regard the bending of the protein-bound FMN semiquinone as significantly different from the angles for oxidized flavodoxin or for oxidized model flavins. The several torsion angles along the ribityl side-chains are listed in Table 6 (see Fig. 7 ). They are comparable to values found in model structures such as ribitol (Kim et al., 1969) and riboflavin (Tonaka et al., 1967; Wade & Fritchie, 1973) where the close contact between 02' and 04' in an extended chain is relieved by a rotation of -120" about C3'-C4' .
(c) Comparisons of oxidized and semiquinone flavodoxins (i) Packing and overall molecular conformation Repacking (as a rigid-body motion) of the molecules upon change of oxidation state is reponsible for substantial changes in the diffracted intensities. In Table 7 , t,he results of simple co-ordinate transforma,tion are compared with the effects of et (tl., 1975) . $ Defined in Fig. 7(b) . TS are bond angles at carbons along the ribityl "chain" from Cl' to C5'. refinements which also permit the oxidized and semiquinone molecules to adopt different conformations.
Part A reports results obtained at the beginning of crystallographic refinement, using the co-ordinate transformation determined from superposition of the isomorphous replacement maps (Cox, 1967) . The rigid body motion produces a decrease in R almost as large as that effected by real space refinement.
Tn part B, refined parameters were used in the several structure factor computations.
The R factor is indeed smaller when adjustment of individual atoms is allowed than when the whole molecule is moved as a unit. Nevertheless, rigid-body transformation produces a considerable decrease in R and causes the co-ordinates to converge.
Detection of true conformational differences is complicated by the non-isomorphism which is sufficient to preclude use of maps with coefficients (I F,,I -1 F,,I ) exp(ia,,), although these should be the most discriminating for revealing small local changes in conformation (Henderson, 1970) . Comparisons of very similar molecules which do not form strictly isomorphous crystals have been performed in several ways: by subtraction of the electron densities after determination of the relative orientation of the two maps (Muirhead et al., 1967) , by correlation of the density at corresponding points in the molecular structure (Cohen et al., 1970) , or by correlation of the density in the vicinity of assigned atomic positions (White et al., 1976) . Because both oxidized and semiquinone flavodoxins had been refined, we compared model co-ordinates directly.
Differences attributable solely to rigid-body motion were removed by a co-ordinate transformation which minimizes the squares of the differences between corresponding atoms (Rossmann & Argos, 1975) . The transformation varies somewhat, depending on the choice of atoms presumed to be equivalent in the two structures. In one calculation, atoms of the polypeptide backbone, excepting residues 56 to 59 and 89 t,o 91, were matched initially.
Only one of these 524 atoms was found to differ in position by more than 15 A after rigid-body transformation, and was excluded from final determination of the transformation. The root-mean-square difference between the remaining 523 atoms of the polypeptide backbone was then 0.308 A. In a second calculation, atoms not located in one or other electron densit'y map were eliminated from t,he initial matching; FMN and all other side and main-chain atoms were included, making a total of 989 of the 1104 non-hydrogen at,oms in the protein. Twelve atoms were separated by more than 1.5 A after initial superposition of the models and the remaining atoms determined the transformatlion. The root'-mean-square separation for these other 977 atoms was 0.385 A.
'I!hc positions of main-chain atoms in oxidized and semiquinone flavodoxins are compared in Figure 10 . Distances between atoms identically situated in the chemical sequence were calculated after the transformation which sought to match mainchain atoms only, and discrepancies for the four atoms of each residue were averaged. The differences imply alterations in the orientation of peptide units?. We may not assign significance to these differences unless they are substant,ially larger than the expected co-ordinate error. Thus if the estimat'ed error in the location of a carbon atom is 0.17 A. the error in the difference of two posit'ions will be 0.24 A and differences of 0.5 .k are at the 20 level. If an average discrepancy of 0.5 b for main-chain atoms is considered significant, Figure 10 indicates a number of residues. 38, 41 to 42, 44 t,o 45. t l'cptides were not, forced to be planar in the real space! and group least-squares refinements. After energy mmimization (Table  l) , the mean value of w for the semiquinone structure was 179.4" 1 6.7". Extreme values were 165.4" and 200.8". Overall matching of the 2 models was achieved by transforming the coordinates for the semiquinone form before calculation of distances between atoms (see text). The average displacement of the 4 main-chain atoms is given for each residue (see Fig. 4 for the amino acid sequence). Co-ordinates were from the idealized parameter sets (Table 1) . In oxidized flavodoxin, the carbonyl group of Gly57 has been assigned t,he conformation of Fig. 5(b) .
56 to 58, 75 to 76, 112, 136 and 138, where conformational differences between the oxidized and semiquinone structures may occurt. Many of these differences are found in residues which are exposed to solvent. In the sequences 37 to 48 and 73 to 78, the electron density is relatively weak, and even at the present level of refinement, we are hesitant to assert that the differences in these residues represent real conformation changes. The peptide orientations in oxidized and semiquinone flavodoxins have been carefully re-examined
by real space refinement of (SIP, 1 -1 #',I) maps, as already described, for residues 53 to 61 and 87 to 96, but not for the remainder of the molecule.
(ii) The FMN binding site has not been unequivocally determined (see Discussion) but the conformation found in the semiquinone structure, with 057 pointing toward the flavin N(5), is inconsistent with the electron density of oxidized flavodoxin. The conformation of oxidized flavodoxin displayed in Figure 11 resulted from real space refinement of a model with the 57 to 58 peptide inverted (057 down).
Not only the backbone atoms from CO56 t,o Ca58, but also 055, 068, C,g90, and the side-chain of Met56, are displaced by more than 0.5 d in the two structures (Table 8 ). This variation is about twice the expected error for comparison of carbon positions (Experimental and Methods) and 1.6 times the root-mean-square difference of 0.31 L% for main-chain atoms presumed to be identical. Smaller variations could affect the relative strengths of hydrogen-bonding of the flavin O(4) with NH59, of NH89 with N(1) or O(2), of NH91 with O(2), and of 04' with Asnll in the two oxidation states.
i In an additional 13 residues, individual backbone atoms vary by more than 0.5 A in the two structures. The drawing, therefore, shows co-ordinate differences relative to an "average" apoprotein backbone. Dist,ances separating equivalent atoms are recorded in Table 8 . (Positions of the Asp58 carboxyl group are not well-defined in either structure.) The peripheral ring atoms (CE~, C53, and C772) of TrpQO are displaced by more than 0.4 A on oxidation.
The errors in positioning atoms of large rigid groups, such as Trp or isoalloxazine, are expected to be smaller than for other atoms. Co-ordinates for TrpQO in oxidized and semiquinone flavodoxins have been examined after group refinement in reciprocal space, and after real space fitting of (2lp,( -1 F,J ) maps. Positions for the ring and Cp atoms obtained by the two methods vary by a rootmean-square A of 0.24 L% in the oxidized and 0.09 d in the semiquinone structure. However, co-ordinate differences as a function of oxidation state are larger: 0.41 A after group refinement and 0.34 A after real space refinement. Both methods reveal a similar shift of TrpQO as a result of flavin reduction. We conclude that t,he differences at TrpQO (Fig. 11) are probably real.
Comparison of the active centers shows that the presence of the hydrogen bond to N(5) in flavodoxin semiquinone is a distinctive feature. No other all-or-none differences in hydrogen bonding are clearly established by comparison of the oxidized and semiquinone models. The only other unique interaction would be a hydrogen bond between NH58 and O(4) in oxidized flavodoxin, an interaction which is impossible in the semiquinone species (Figs 6 and 11). However, from the oxidized co-ordinates corresponding to Figure 11 , the N-O distance proves to be 3.52 A and the H-N-C angle, 44".
(iii) Intermolecular contacts at the FMN-binding site
The drawing of Figure 12 shows the neighbors closest to the active center in flavodoxin semiquinone. Contacts in the vicinity of the flavin-binding site are generated by three different symmetry operations : a 2, axis parallel to b which brings FIG. 12 Lys21, Ile24, Glu25 and Gly27 near the flavin; a 2, axis parallel to a which causes Asn137 of another neighbor to approach Asp58 ; and a 31 axis which produces contacts with Asp92, Lys94, Arg97 and GlulOl from a third neighbor. The closest approaches (less than 4 A) are made by atoms of residues 21, 24, 25, 101 and 137. The interactions vary between oxidized and semiquinone flavodoxins in a complex way, because both conformational differences and rigid-body motion influence the intermolecular contacts. From the standpoint of the conformation and packing changes which accompany reduction of the FMN, the interaction of Am137 is the most interesting. In oxidized flavodoxin the Asn137 side-chain amide may form a hydrogen bond to O(57); the relative orientations of Asn137 and the bend at Gly57 and Asp58 change appreciably on formation of the semiquinonc>.
4. Discussion Our objective has been the determination of the structure of flavodoxin semiquinone, particularly the arrangement of the FMN binding site, at a higher resolution and accuracy than heretofore. Although the semiquinone (radical) form of clostridial flavodoxin provided the first model of the molecule at 3.25 A resolution (Andersen et al., I972) , subsequent effort was directed to solution of oxidized flavodoxin at 1.9 A .
Extension of the semiquinone structure beyond 3.25 A resolution has proceeded in two stages, fist by isomorphous replacement,
and then by refinement. Phases to 2.0 A were determined solely by isomorphous replacement, deliberately excluding any information from the model for oxidized flavodoxin. This approach was elected because early in our study of flavodoxin from Clostridium MP, we had found that maps with coefficients ( 1 F,,I -1 F,, 1) exp(ia,,) s owed numerous features throughout h the molecule, consistent with small co-ordinate shifts by many atoms. The appearance of such maps, combined with the R, = (XII,, -I,,l)/(~(IOx + I,,)) of 0.33, deterred us from attempts at direct use of the phases from oxidized flavodoxin. The 2 A isomorphous replacement map provided an initial model of flavodoxin semiquinone; co-ordinates were obtained by real space refinement using the isomorphous replacement map and atoms chosen from the oxidized model. The structure was then subjected to further crystallographic refinement and the resolution simultaneously After refinement of oxidized and semiquinone flavodoxins to discrepancy indices of 0.211 and 0.194, respectively, we can define more precisely the non-isomorphism of the two structures.
Phase angles for the oxidized and semiquinone structures differ, on the average, by 44" for the non-idealized parameters of Table I . The rootmean-square distance between 939 of the total 1104 chemically equivalent atoms, positioned in their unit cells, is 0.71 A (Table 7) ; rigid-body transformation involving rotation of about 2" and a shift of 0.44 A in the cent'er of gravity reduces this spabial discrepancy to 0.46 8. The magnitude of the effects attributable to packing changes, in contrast with the small observed conformation changes, suggests that alternate routes to the structure determination might have been feasible. For example, Anderson (1975) encountered a related case of non-isomorphism in comparing crystals of deoxyhemoglobin with crystals of carbonmonoxy (T-state) hemoglobin Kansas, and found the necessary co-ordinate transformations from the rotation and translation functions, The most obvious differences between the oxidized and semiquinone molecules occur at the peptide linking Gly57 and Asp58. The orientation of this peptide, the central unit in a reverse bend, is drastically altered as a consequence of reduction of the adjoining FMN.
We hoped that refinement would allow us to reassign unambiguously the conformation of each oxidation state in this region, and a number of the computational approaches were chosen with this objective. For instance, removal of atoms in residues 56 to 59 from F, and u, was deemed essential for fresh interpretation of the densities corresponding to this sequence. After refinement (21 F,I -1 FcI) "deletion" maps of oxidized and semiquinone flavodoxins are clearly distinguishable in this region, and possess the same features as originally observed in isomorphous replacement maps. Fitting of the final (21 F,I -1 F,] ) maps by real space refinement provides a satisfactory interpretation of the semiquinone density; a difference map, with atoms of Gly57 and Asp58 included in the phases, is relatively clean (Fig. 6(b) ). Some difficulty still remains in the interpretation of the (2/F,I -1 FJ) maps of oxidized flavodoxin.
As in Figure 5 (b), N(57) is at the border of the density, and an (IF01 -lFcl) y th s n esis displays significant density, particularly a positive peak near C,(57). However, our reservations about the conformation assigned to oxidized flavodoxin do not affect the conclusion that a conformation change occurs at residues 57 and 58.
Co-ordinate adjustments during refinement have led to some changes in our earlier assignment of possible flavin-protein hydrogen bonds . For example, initial co-ordinates suggested a hydrogen bond between 04' and an amide 0 (or N) of Asnll9.
The distance between these atoms is now 3.9 A in oxidized flavodoxin and 4.2 A in the semiquinone structure.
(b) Special aspects oj the structure of $avodoxin semiquinone Structure analyses of model isoalloxazine radicals have been hampered by their tendency to dismute to mixtures of the reduced and oxidized species, and the properties of flavin radicals have been deduced from spectroscopic data. In contrast, flavodoxins permit examination of the semiquinone species with minimal admixture of the other oxidation states.
The neutral or "blue" flavin radical is found in flavodoxins, even at high pH. The electronic structure of the neutral species and the position of the proton (at N(5)) have been established by electron paramagnetic resonance spectroscopy, using model compounds (Miiller et aE., 1970 (Miiller et aE., ,1971 ) ( see Fig. 13 ). In those flavoproteins which stabilize the neutral radical the electron paramagnetic resonance spectrum is characteristically broadened, indicating protonation at N(5) (Palmer et al., 1971) . Although the pK for dissociation of the N(5) proton is 8.55 in FMN semiquinone (Draper & Ingraham, 1968) , it has been estimated to be about 115 for flavodoxin from Azotobacter winehmdii (Edmondson 6 Tollin, 1971) . Spectroscopic measurements (Eaton et al., 1975) verify that N(5) is protonated in our semiquinone crystals. In flavodoxin from Clostridium MP, the increased pK can be ascribed primarily 13. The prrdominentj electronic struct,ure of neutral isoalloxazinc semiquinone (Miiller et cd., 1970). to the hydrogen bond between NH(5) and 057. Negative charges on Asp58 (6.9 A away) and Glu59 (5.8 A distant) may exert a secondary influence. The strength of the hydrogen bond may be estimated from the following model, which assumes a simple dissociation from the hydrogen-bonded species with no accompanying changes in the protein molecule. The formation of the hydrogen bond, equation (3), below, would be represented by the difference between the first two equilibria:
'FH + OF-+ H+ (pK = 8.55) 
where A is the hydrogen-bond acceptor. The difference in pK for reaction (1) and (2) ca,n be converted to a free energy for formation of the hydrogen bond of -4.0 kcal/mol at 25°C. The spectra of model compounds and of flavoproteins imply that the neutral isoalloxazine ring is planar. The most compelling evidence comes from the existence of low energy n-r* transitions in the 500 to 600 nm region (Beinert, 1956 ; Massey & Palmer, 1966; Land & Swallow, 1969) . Like the related transitions in planar oxidized flavins (Song, 1969; Lhoste, 1971; Sun et al., 1972) these transitions are polarized along the long axis of the isoalloxazine nucleus (Eaton et al., 1975 (Karreman, 1961; Song, 1969) . Furthermore, ENDOR spectra have been interpreted as indicating that the semiquinone ring is planar in flavodoxin from A. vimelandii (Eriksson & Ehrenberg, 1973) . The close correspondence of the solution and crystal spectra of flavodoxin semiquinone (Eaton et al., 1975) led us to expect that the electron density maps would reveal an essentially planar isoalloxazine ring. At 3.25 A resolution (Andersen et al., 1972) no deviation from planarity could be detected. The torsion angle about the N(lO)-N(5) axis reported in this paper, -2.5", is less than the angle found in some model "planar" oxidized flavins. Indeed, the values of Table 5 probably represent an upper limit for the magnitude of the bending, because they may be influenced by the presence in the crystal of some fully reduced moleculest. Ring bending as large as j' The larger bending angle for the ring in flavodoxin nemiquinone, determined earlier , is attributed t,o over-reduction.
-8.6" has been calculated for reduced flavodoxin from Clostridium MP (Ludwig et al.. 1976 ).
(c) Electron transfer
In electron transfer reactions, flavodoxin interchanges electrons with other ilavoproteins, with Fe/S centers, and with heme proteins. Because the oxidation-reduction potential for the semiquinone/reduced couple approximates that for ferredoxins, it is generally assumed that flavodoxins alternate between their two lower oxidation states in viva . The reactions of flavodoxins with nitrogenase provide some experimental basis for this assumption (Yates, 1972) .
Contact of the isoalloxazine ring with solvent or with electron donors is severely restricted by the surrounding protein atoms as can be seen in Figures 8 and 12 . On t,he "protein side" of the flavin ring, residues 55, 56, 59 and 88 allow access only to O(2) and the methyl groups at C(7) and C(8). Trp90, and the backbone atoms of residues 57, 58, 89 and 91 shield the pyrimidine and central pyrazine rings in the other direct,ions. However, the methyl groups, C(6), C(7) and C(8) are more than 4 A from any atom of Trp90 and can interact with other molecules approaching end on or alongside the indole ring of Trp90 (see Fig. 12 ). Access to the flavin ring is not substantially different in any of the three oxidation states, and is similarly restricted in .D. vulgaris flavodoxin (Watenpaugh et al., 1972 (Watenpaugh et al., ,1973a (Favaudon & Lhoste, 1975) . have suggested explanations for the small K, of the fully reduced prosthetic group, and hence for the low potential of the couple flavodoxin,g/flavodoxin,,dU,,d (Ludwig et al., 1976) . In this paper we are primarily concerned with comparison of the oxidized and semiquinone structures.
The stability of the semiquinone, relative to the oxidized species, can be expressed as the difference in free energy of association of FMN and apoprotein, 6AG, for the oxidized and semiquinone states, and can be calculated from the shift in redox potential for the couple, FMN,,/FMN,,, which occurs upon combination with the protein. For flavodoxin from Clostridium MP association with the FMN radical is favored by about 3.4 kcal/mol over association with oxidized FMN (Mayhew, 1971a) . A complete accounting for this 6AG would include differences in the conformational energy of the apoprotein in each of the holoprotein structures, differences in the number or strength of protein-flavin interactions, and any differential variations in the conformational energy of FMN in its free and bound forms.
Comparison of the structures of oxidized and semiquinone flavodoxins reveals several features which should substantially affect the relative conformational energies calculated for the two higher oxidation states of flavodoxin. Our discussion is confined to the flavin binding region.
(i) Conformation changes involving the reverse bend at residues 56 to 59 221
In the semiquinone molecule, the reverse bend at residues 56 to 59 is related to the "standard" type I bend (Venkatachalam, 1968) , but is so distorted that the 31,, hydrogen bond probably does not form. Similarly, the conformation proposed for oxidized flavodoxin is distorted from the classical type II bend, with consequent weakening of the 056-NH59 interaction. Calculations on the model type I and II structures show that the type II bend is less stable when a side-chain is present at the third position (corresponding to Asp58 in our case), largely on account of the nearly eclipsed arrangement of the second C-O and third C,--Co bonds (Venkatachalam, 1968; Chandrasekaran et al., 1973) . Despite large departures from the model C,sl, angles (Table 4) , a near-gauche orientation of these C-O and C,--Co bonds is mainta,ined in the conformation proposed for oxidized flavodoxin (Fig. 5(b) ). The distance between 0(57) and the AspCo is 2.56 A. Hence the reverse bend at residues 56 to 59 in oxidized flavodoxin may be less stable than the one found in flavodoxin semiquinone.
(ii) PM&protein interactions
The contacts between Trp90 and the flavin ring differ m oxidized and semiquinone flavodoxins.
Changes in the electronic structure of the flavin, as electrons are added, are expected to alter its ability to complex aromatic groups (Massey & Ghisla, 1974) . Draper & Ingraham (1970) have studied complexes of indoles with flavins and conclude that association is strongest for the semiquinone species. However, it is not obvious that the energy differences determined for models can be assigned to the flavodoxin structures. Further, Trp90 is particularly susceptible to the influence of intermolecular contacts because of its position in the molecule. and we cannot be certain that the co-ordinate changes seen in the crystal occur in solution.
Changes in other non-bonded contacts between FMN and the apoprotein may be important.
One of the larger co-ordinate shifts involves the sulfur of Met56, which moves farther from the isoalloxazine ring in the semiquinone structure (Table 8 , Fig. 11 ). The relative strengths of some hydrogen bonds found in both oxidation states may be affected by changes in atomic positions. For example, 055 and 04' shift by more than O-4 A (Table 8) .
Isoalloxazine-protein hydrogen bonds undoubtedly affect the redox potentials of the protein bound flavin. The interactions at N(l), O(2), N(5) and possibly O(4) depend on the oxidation state as a result of changes in atomic co-ordinates and variations in the electronic structure of the isoalloxazine. FMN atoms N(1) and O(2) have possible hydrogen-bonding partners in all three oxidat'ion states of clostridial flavodoxin. However, the position of NH91, which hydrogen-bonds to O(2), alters by more than 0.4 A when the oxidized molecule is reduced to the semiquinone. Difference maps (Ludwig et al., 1976) suggest that the geometry at N( 1) and O(2) is very similar in semiquinone and reduced flavodoxins, but in the anionic reduced FMNH -, a negative charge is redistributed over N( 1) and O(2). Hence the hydrogen bonds involving NH89 and NH91 may provide considerable stronger flavin-protein interactions in the reduced than in the oxidized or semiquinone states. In summary, the energy associated with the network of hydrogen bonds to the pyrimidine portion of the FMN is expected to vary with oxidat'ion state.
